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' Bes:.des bemg used to detem.ne the J.nﬂuence mefi’; eiént the ..wo~a‘m°n.~m 18..

_model iﬂcludes Plecee }u 1, No. 2, and Ne. ;

T nection 1

1. Introductiouan

The thesretlzal backgrezrd underlying this study has teea given in
Part T7 of this report. s the anaiysis of the stress distribation of the

aft-bulkhead-zennecticn f-ring the ss.callied infitence zusfficient appreach
was used {see Section 3, far'n il

he crelf f:.c:_em;b Wire partvialiy obtalnsd 1w exparimenty: uata ¢!

a Moire test per: fomed with a twoe d:men 1011&1 1:1 scale modes. Blihcugh the.

. - - - - g - ’
vaJ,ues of the coefficie nts could have been obt:a.nea by nianer-lcu_app:-oacn,

the expemmthdl method was sele%ea. This appr\.acn served a meo}.d p‘.rpu De. -

N -
- - T e

‘analeg -mode.s.-was used also as a ptfotcelastlc mode.‘g; to fied st,re.s-s r;c:neefa';"rai_tr‘-_-évn S

fa’:;*:ﬁrs. : N R : - ’ ., . v- ’
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“Tn this chapter we m;l descn.be ‘the prove 38 f‘ dowed :m the dest

and test of the 3:3 ws--dime.z-sienal aralog model,’

2. Similitude Laws .

Asdescribed in Section 3 ,1- P Ti- of thid report, the strecture

urder analys:a_a was d.‘.v:t.ded into five pleces or par*tb Tigare i. The M_slfé ) =

To design the model the similitude of the differential eguation thai
govems the bending of a. cylindr;.cal shell and the equancn curz*espond. 2 Lu.
the bendlng of a beam on elast.ic. foundatlons was uuh zed 111.

The equation corresponding to. the bendlng of a thin g:yliﬁdric‘a’i shell .

‘of _v_aria,ble th:i.cknes_s in the x,w coordinate systex_n, Figdre 2, is

o e- .
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where D = S i £ is the modulus of elasticity, Vv Poisson's ratic, h the
120187 :

shell thickness, and a the shell radius.

We can express the shell thickness in the following manner:

h = h  f(x) , (2
where h_is a referesce thickness and f(x) a function of x giving the
dimensionless valve of the thickness. -

Equation {1) can be written

2 Enh” 3 2] Eh f(x) |
,‘d 2' (?2 :[(x) ng"’ g, w-= Q- /3
ax” 12(1-v°) a2
which can be trazsformed into
d2 j N d2w , 12 f(x)?kl-vz) _ ' . s,
oy (TLX) | 5> w=20 , )
dx

dx - “h a o
. o . . .

The corresponding ejuation for a beam with variable moment of iher‘t,ia and

variable foundation mcdulus is

AT
RN \

w=0 ‘ (

& |3, &l 12 kx)
gy (%) s | 7=
dx dx” Eb ho
where k(x) is the #ariable foundation moculus and b the beam width.

From Equations (L) and (5) the following similitude condition is -
obtained:
Bb b f£(x) (1V°)

k(x) = ey . (6)
a




If we know f(x) we can compute k(x) utiliuing Equation (%),

The above conditions of similitude are valid if the scale of length acd
the materials of the model and phototype are gqual.

In the problem under consideration the eqrality of the iength scales
can be preserved without difficulty.

The effect of tne change of material can easily be -taken into a:c&;nt“
Let us assume that we have two elastically supported beams, one with the same

material as the protctype and the other with a different material that we call

model material. The defle~tions of both beams are given by

Mo
w o= [ g xax (7)
. PP ) 7 .
and —
M . -
= m 2 ‘]
.Wm IEI—n:-[-;XdJ( ) ) . (8,
where the subsecripts p and m indicate the prototype and the model, respec-
tively, T the moment of inertia of the beam, and M the bending moment.

From (7) and (8} ‘ « -

w M E I ) : .
D A A (9)
W M E I .

m m p P

Now if Mp = Mm and Im = Ip’ we obtain
Em

o= &Y
Wp Wm E—p \10)

Using the above law the deflections measursd in the model can be translated
to the beam having the saﬁe material as the prototYpe. These deflections

will also be the deflections in the shell.

k-



3. Model Design

To provide -an elastic foundation for the two-dimensional model,
cantilever beams of yellow brass wire were used. Figure 3 shows the system
used to simulate the elastic foundation. The wires were spaced 1/4 inch
apart. In the fixed end they were close~fitted into holes drilled in aluminum
bars.  To provide a free end condition at the point of commection with the beam,
steel rings with a longitudinal slot were cementea to the side of the mcdel,
Figure L.

Figure 5 shous & general sketch of the Y-ring with an indication of the
regions into which the ‘elastic foundation was divided. Three different regions
were considered according to the changes of thickness. Regions 1 and 2 have
cohstant thickness, fherefore the cantilever beams used to simulate the elastic
'fbundation havé constant length. Since in Region 2 the thickness is variable,
the length of the beams was adjusted to this change. Figure 6 shows the
elastic foundation with the corresponding three regions.

To aefine the end conditions of the model, the following censider- -
ations were applied. J

The length. of Piece No. 1, corresponding to the cylinder wall of
constant thickness, was computed sé that the edge perturbations originating
at its end wouid not influence the YLring:‘;

© At the other end, the skirt was connected to a corrugated inter-tank
by means of clamps bolted to both the skirt and to the corrugated inter-tank.
The clamps were replaced by an equivalent Beam with a variable moment of .
inertis corresponding to the change of moment of inertia of the clamp. The
bolted union between the skirt and the clamp was simulated by two connecting

screws, Figure 7.



Since the moment of inertia of the transversal section of the inter
tank is several times larger than the moment of inertia of the skirt, it
was assumed that the connection between the clamp and the inter-tank corre-

sponds to a fixed end. Figure 8 shows a top view of the model.

L. Tests Performed in the Model

In Part IT of this report it is shown (page 1l and following) that
the actual tank has beesn substituted by a shell configuratinn consi:*ing of
two principal systems, ean of which is additionally subdivided into several
shell components of classical shape.

From the analytical point of view, there is no need to introduce t-o
principal systems, since the whole computaticn could have been handled in one
single system. However, preference was given to a representation of the tank
by two principal systems;, since System I could be treated twice, analytically
and experimentally. As we can see from Figure 9, since System T consists of
circular cylindrical shells only, it was thus possible to study experimern-
tally a two-dimensional mcdel of System IT. Consequently, comparison betwesen
the analytical and the experimental approaches could be made. The comparison
is very important since the mathematical model used for the theoretical compu-
tation is somewhat simplified, whereas the shape of tke two-dimensional model
does not take into consideration the effects that the fillet radius of the
different transitions present in the model. The fillets produce secondary
effects which are not taken into consideration by the common shell theory.

However, these effects are accounted for by the two-dimensional analog model.
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As shown in Figure 9, System I is composed of the folleowing elements:

Piece Wo. 1. Semi-infinite ecircular cylinder with constant
wall thicknress.

Piece No. 2. Finite circular cylinder with var able wall
thickness (part of the Y-ring).

Piece No. 3. Finite circular cylinder with constant wall
thickness with connacting clamp (skirt).

Four different tests were performed. The model was sectioned
according to the scheme shown in Figure 9. Displacements and rotations of
the ends of the component pieces were determined.

The model was tested as a whole to determine the rotation and the

displacements of section M,M, Figure 9.

5. System of Load Applicaticn

One of the problems that the test on plastic mcdcl presents is the
creep phenomena of the material. Due to creep of the mgterial the effective
modulus of elasticity changes with the time, and, therefore. if a constant
external load is applied, deformations keep on increasing '.ith the time.

This makes it very difficuilt w0 interpret deflection me 2 ssrements,

Through the use of the so-called technique ¥ tue spring-balance this
difficulty can be overcome.

In this technique displacements are imposed on the model through a lcad-
ing element made out of the same material as the model. The spring-balance
may be designed with an arbitrary shape. In the present case spring-balances
with the shape of circular rings were utilized. One c¢f such balances is shown
in Figure 10. It consists of a plexiglass ring, two aluminum pieces with a
gap. One end of the balance is applied to the point of loading by pieces of

a steel ball. The other end is connected to a block screwed on the same table



that supports the model. At the block end an Allen-type screw provides “he
means for applying a displacement. The *theory or the spring-balance can be
expla ned as follows.,

Let us assume in Figure 1l that we apply to the system model spring-
balance a displacement 4. (In this case the model is shown to be a cantilever
beam, but the derivationis general.)

We can write

A=A+ 4, (i1)
where 4, is the displacement of the balance and Am is the displacement :
of the model.

The values of As and Am can be expressed by the following equations,

assuming that the material is linearly viscoelastic

*

P
A =K (t) (12)
(t)
and —
p ‘ ,
A =K ) ’ (13)
s s By | ‘

where Km,and KS are constants of probortionality that depend on the geométnies
of the spring-balance and the model, P(t) and E(t) are the load and the modulus
of elasticity, both functions of the time. ™

Replacing in (11), we obtain

K P +K_ P, \ ' ,
pemtt) o (4 NEINIE
(t)
From Equation (1)

P -
(t) A o

e SRR (15)
t) “s™m



This means that the relationship between the load and the modulus cf
elasticity is constant and independent of the time.

In order to compute the constant Ks corresponding to the balance, the
spring-balance is appiied tc a cantilever beam and loaded with a dead weight,
Figure 12.

The deflection of the beam is given by

pe

o = (15)

ol

where 0 is the deflection of the cantilever beam, P the load, ¢ the beam span,
_7E'the elasticity modulus, and I the moment of inertia cf the beam section.

From Equation (13)

- K-
- - K .
Replacing in (16)
3 o
_ 1 &Ag - _
k=57 - - a8

Eqﬁatiqn (18) gives the valﬁerof Ks.

in o;r measurements we need to know the effective values df the .
‘applied loads. The procedure for obtaining the load is the following.
From (12) and (13)

?ﬁl Sﬂ

A A , _
r = c.o K b r‘m K ’ ‘\’ 19 )
S S

(%]

from Equation (15) the ratio P(t)/E(t) is constant, consequently,
if we give to E the valuz corresponding to a reference time to,

E(to) A . ‘
Py TTEE (20)

o S m



The modulus for the reference vime to is deteriined by measuraing the
As corresponding to a given P.

A pair of spring-balances was utilized to apply a given moment by
means of the device shown in Figure 13.

To calibrate the balances, the beam deflections were measured by means
of a dial indicator with the smallest division equal to 5 x 10')'l inches.
The deformations of the spring-balance were measured with a filar microscope

with 5 x 1()"h

inch sen:titivity. Calibration constants were computed as an
average of ten readings. Four balances were calibrated with two of them
making pairs of approximately the same constants. The approximate relation
between the load capacity of the pairs is one to ten.

6. Testing Procedure. Check on the Constants of
The Elastic Foundation. Lxperimental Results

The .procedure applied to measure the required values from the model
cénsisted of the following steps.

An initial load was applied by means of the spring-Balance. A filar
microscope was used to find the displacement corresponding to the balance.
Fringe position was determined by means of a ruler divided into 1/100 of an
inch. Figure 1l illustrates the procedure used to measure fringe position.
A final load was applied, and the deflections of the beam were determined as
a difference between the initial and final patterns. TFor each pattern, loads
in opposite directions were applied. With this technique; nonlinear effects,
coming from the change of the geometrical shape of the model with the load,
were eliminated. Obtained values were consistent and showed a good reproduc-
tiVify.

Figure 15 shows one of the Moiré patterns.

~10-



To show the feasibility of the two-dimensional analog model and to
check the constants providing the similitude between the model and prototype,
Piece No. 1 was used. In the model sectioned in parts, Piece No. 1 is a
finite beam or elastic foundation whose solution is known theoretically.

In Figure 16 the theoretical and experimental results are plotted together
showing good agreement.

Once it was established that the behavior of the model was satis-
factory, measurements leading to the determination of the constants corre-
sponding to System No. 1 were carried out. Concentrated forces and couples
were applied to the ends of Pieces No. 2 and No. 3, Figure 9.

Results are plotted in Figures 17 to 22.

By twice differentiating the displacement curves, the moment distribu-
tion‘corresponding to the unit load and couples was obtained. In Figures 23
to 28 the corresponding results are plotted. In order to verify the results
obtained from the model, Piece No. 2 was analyzed as a cylindrical shell
with linearly varying thickness. (See A2, Part II, of this report.)

In Figures 23 té 25vthe corresponding results are plotted together with the
experimental vaiues.

If we-call LE Ql’ LY Q2, the displacements and the rotations ol the
sections td the left and to the right, respectively, due to the four forces

Q,, , Q,, M,, we can write the following relationship between the eight
1 22 72 g

quantities:
Wp = By Q +Bp My + By Q0 By M \
Q, + +

2t By QB M v B Q B M,

-11-



The experimental values of tne influence matrix are given by:

(0.711/-3 0.777/-k 0.302/-3 ~0.600/-L

« 0.777/-k 0.132/-k G.L50/-k -0.3¢7/-5

¢ - -0.303/-3 -0.450/-L -0.561/-3 0.501/-k
L 0.600/-L 0.5€1/-5 0.501/-L -0.732/-5 _

The corresponding thecretical values are:

[ 0.85068/-3  0.78294/-L  0.31251/-3  -0.62193/-L]
0.78237/-L - 0.1319L/-L 0.43515/-4 -0.56916/-5

°- -0.31218/-3  -0.43539/-L  -0.49161/-3 0.L875€/-1
. 0.62166/-4 0.5696L/-5 0.L8759/-L -0.73017/-5.

Although the actual experimental coefficients of the symmetrical
components of the matrix differed slightly from each other, the theoretical
'equality was applied by taking averages.

Agreement between the experimental values and the theoretical values
is good and indicates that as far as the deformations are concerned, Piece
No. 2 can be considered as a linearly variable thickness cylinder,

The influence coefficients, due to edge unit shear force 8, and the -
unit moment M, correSponding to Piece No. 3, were experimentally obtained.

W

= 0.384 x 1o'3

& = 0.1:08 x 10~

and

W - 6% - 0.870 x 1071
The last relationship is a consequence of the Betti's work theorem. Although
the actual experimental vaives of WM and e“ differed slightly from each other,

-12-



the theoretical equality was appliea. To this end the experimental values
W = 0.855 x 1073 and & - 0.885 x lO-h were averaged.
To check the values corresponding to System I as a whole, a load

normal to the axes of the beam was applied. The measured values were

W) = -0.113 x 107

8} = 0.050k x 107
and co¢puted values were

W) = -0.115 x 107

6, = 0.0L9k8 x 107k

; “\7;” Stress Concentration Factors

In the preceding sections we have analyzed the results of the deter-
mination of displacements and moment distributions from a two-dimensional
analog model, applying the Moire fringes technique.

A model with the same geometry as the one used for the Moire deter-
mination was used as a photoelastic model for thé determination of stress
congentration factors at the points of transition of the Y-ring.

In the point of transition of section of different thickness, at the
discontinuities introduced by shape changes, thé basic assumption of the shell
theory breaks down. This phenomenon is similar to the one observed in beam
theory. In the regions of transition or in the proximity of concentrated lc3id
and on a length of the order of the section depth, the stress distribution
departs from the one assumed in the Bernouilli-Euler theory. Photoelasticity
has been used to study the stress distribution in beam discontinuities.

. In our problem we can take advantage of the similitude of the bending
equation of the cylinder and a beam on elastic foundation. |

-13-



According to this similitude, bending stresses éhould be the same in
both cases. The difference in the stress distribution will be that, while in
the cylinder the elastic foundation is provided by hoop-rings where srring
force is transmitted by shear, in the beam the spring force is applied at the
outer edge. These stresses are zero at the free edges, and therefore the
stresses will be the ssme in the cylinder and in the shell.

Although it is interesting to know the stress distribution ir detail,
from the practical point of view it is only necessary to know the maximum
stresses and their location. The concept of stress concentration factoirs can
be used advantageously in our problem. We can compare the experimentally
determined stresses at a given location with the stresses computed according
to the ordinary theory of bending, and we can determine the stress concentra-
tion factor. .

In order to study the stress distribution in the joint of the knuckle,
skirt and cylinder, a photoelastic model was constructed. The photoelastic
model was built with the same shape as the plexiglass model used to measure

the displacements. The only change was that the model material, Homalite CR 39,

was employed with an elasticity modulus of 20.5 x 10S psi. Fringe constant
. . . 1b
for the material measured in bending 79 T order”

Since the elasticity modulus of the homalite is nearly one-half the
modulus of plexiglass, to maintain similitude it would have been necessary to
build a new elastic foundation device with smaller constant of proportionality.
In the case that the same device is used, this means that in the corresponding

bending differential equation

E;E + ) Bg w=0 (22)

-1l-



the constant BO is changed. This change corresponds to a change in the
geometrical dimensions of the prototype. Inasmuch as we are interested in a
local effect, the stress concentration factor, rather than the stress distri-
bution itself, it is not very likely that this effect is influenced by the
value of Bo to & very large extent.

In order to investigate the maximum stress point in the groove between
the knuckle and the skirt, several types of loadings were applied.

To explain the meaning of the process followed in the determination,
let us first consider Figure 29. 1In this figure the bending diagram correspond-
ing to the ordirary theory of gending and the bending diagram at the section
corresponding to the maximum stress at the point have been plotted. The
lineal stress distribution is replaced by & curved plot, and the position of
the neutral axis is lowered. As a result of these two facts, the stress at
one edge is larger than the stress corresponding to the lineal distribution,
while the.stress at the other edge is smaller. The stress distributicn
depends on the geometry of the section and on the type of loading. We are
interested in the bending effect, and we have two possibilities, bending
with and without shear force.

Several phctoelastic patterns have been recorded starting with pure
bending and increasing the inf;uence of the shear force., Figures 30 to 31
contain the bhotoelastic patterns. The following table contains the results

corresponding to these patterns,

-15-



Fig. No. M P % n Oph % C
1b.in 1b. 1lt.sq.in. 1b.sq.in.,
2 29.70 0 1260 L.5 1L20 0 1.13
3 Lh 9.9 2360 8.6 2720 0,225 1.15
L 33.3 12.5 1800 6.5 2060 0.379 1.145
5 22 13.4 1190 L.55 1420 0.61 1.19

Depth of the section where the maximum stress takes place d = 0.665 in.

M
P

Applied moment

Applied force

Stress computcd according bending theory
Maximum fringe order

Stress computed from photoelastic pattern

Stress concentration factor

~16-
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The location of the point of maximum stress is always the same, near
the point of tangency between the circular groove and the outer face of the
knuckle, Figure 3L

The results show an increase of the stress concentration factor with
the shear force.

Since the stresses in the region where the maximum stress concentra-
tion factor is observed are low, the effect of the stress concentration is

not significant.

-17-



Section II

1. Introduction

The combined experimental and theoretical approach that is described
in Parts II and III of this report required a number of <implifying assumptions
introduced to make the computation feasible. The degiree to which these assump-
tions lead to values that can be trusted, is a problem that can be settled
only through an experimental determination of the stress distribution. An
important questicn arises: Can we design a model capable of yielding the
required information? Or is it necessary to perform the tests in the prototype?
The problem originates in the peculiar nature of space-flight structures.
Thicknesses are very small as compared with the radii involved, and consequently,
a reduction in scale leads to dimensions that are difficult tc handle.

2. Geometrical Similitude Laws Governing the
Design of the Model

The most general similitude condition for elastic structures statically
loaded requires compilete geometrical similitude between the model and the
prototype. The condition of strict geometrical similitude can be relaxed in
many cases. ©One case where the strict similitude can be relaxed is the bend-
ing problem of plates. However, in the case of the theory of shells, the
strict geometrical similitude cannot be relaxed, since the sclution of the
problem depends on the ratio of a characteristic length to the thickness.

Thi.s can be shown by writing the differential equations governing the.problem
and putting them in dimensionless form. Let us consider Love's first approx-
imation in the case of a general shell space.

We call §1, 52, and.s; a system of orthogonal coordinates in the shell

space (Figure 35) and Uy s Uy, and # the corresponding displacements. The dis.-

<18~



placement field consistent with the basic assumption of this theory is

where

N

where @ ,a, are the coeffic’ents appearing in the expression giving the square

of an arc element of the shell surface and R R2 the princ.pal radius of curva-

1’

ture at the considered point.

The strain-displacement relationships are given by

m
1

= ¢°
1171+ Gx
(o] ”
22 = €0 * G X (25)

0 0
Yig =¥t Y2 * G (6 7 0y)

®
I

i

-+
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According to Hooke's law,

%1

;L'BBl . Eg aal
o 3 5, O
;L‘BB2 ) El 3&2
0, 3, @ T
1 382 ) El Bal
o |3 7 e, 3,
1 331 ) Eg Ba2
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E
— (€, + VE_,))
1_V2 11 22
B re 4 ove )
T2 22 11

o, = )
33 2(I) Y12

The stress resultants can be obtained by integrating the sbove efoessions

across the plate thickness h, and the following results are obtained:

'N11
22
12
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22
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The equilibrium equations are

‘ \
: (@ N, .} + 2egfiar + N ! -N i + o X =
S T T 1R 3 22‘0"51 172

3 3012 aarl
( A - + -
E.E.I Q, N ) SE— " I‘ 2} + N21 sgz Nll 352- 0'20'1Y 0]
N
e , ., .0 . 1 b
TNV I Y %R TRt M%t = O
i ? 1
o {a 1 9 (o.M + M aal;-—M aa2-ach =90
3T ! Myy L 1) * M 3,1 Moz 38T - 1%
a a a 2 adl i
\- - - - =
3T (o)) 375'; qM,,) + B'EI M 3, &V, =0 . (29)

where X, Y, Z are the lcads applied in the direction of the coordinate axis and

-

11/2
Y1~ ".h/z 1999
(30)

Yo - ,.wz 29:19

-h/2

Replacing the stress resultant in the equilibrium equations s we obtain

.
3‘5{["’2 102 (e * ""22)] T3 ["1 2(V) (Yf”z)] ¥ “"("‘52 Ty (1) 35 3,
dx
Eh
- B-g- + . 0.X =0
1-\)2 1 12
® Eh 0.0, Eh . o Eh o o
3!1 2 2(1+v) (Y1+Y2)] * 3'5;[“'1 1‘:‘2' (":22 + vell)] + FIGED)] (.’Y1+ )
du
Eh (¢ 0 1 ~
"7t o) Jr gt - O
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(o] (o] C 0
3 d Eh (12 * VS22 %22 V1)
(a,v.) + (a.0,) - o, — P o aZ = 0
B'EI 21 B'E; 172 12 T3 R R, 172
3 3 da.
2 Eh Eh 1
L%y (DX +vX))] + Y ST Xl2) * 3Ty M2 3,
3&2
- D(X,+VX,) - ooV, =0
2% L !
a 3 Eh3 50'2
ZTT$$7 o * [“ 1206+ )] + sy X0 3T,
aai
= DX +V%,y) gr= - %Y, = O (31)
X V% L WA

For the abbve system of equations, we have the following boundary conditions:
1) Either we have N specified or Un specified
2) Either we have L specified or U_ specified
| M
3) Either we have Vn = Qn i3 specified or w specified

i) Either we have Mnn specified or gg: specified

where n and s refer to the normal and the tangential directions, respectively.
The boundary conditions are of simple form and may be left out of
special consideration in the analysis of similitude conditions. We can write

the equilibrium equations in dimensionless form

a na (e 0 ) + ) al ( 0+ O) + 1 ( 0+ 0) aal
? 1122 IR 2Ty YaTYe 5(1+v) ‘Y1'Y2 3

3§ 2 €5
dx
12 — 0%y i:% 0
1-v ag”

=
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_a_[ i ] +_B_[ L (2 0e% v + o (4010 =2
35* Z(1l+v) "1 72 55% 1_v§ 22 1 211+v 172 Bgﬂ
1 2 1
da
1 o ..o 1 YL
- —5 (ell+ve22) —5t 0o g =0
1"" agz
o o/ e,

2 [ Yl] R ﬁy / ] v [ 1 | e ezz*”ell)] , 7L _
Se% | 2 Eh % 71 Eh 172 2 it * %% Eh
3§1 352 1-v R1 R2

do
d [ 1 * ¥ d 1 * 1 ¥ 1
a, (x +vx2}} 4 — {1 X ] + X10 =%
#1 2 2 1 ¥ |1 Z(1+v) "12 2(1+v) ™12 oF
2 | % 120v%) A 2
. Baf vLE
- -—-—-—-—-l X +\)X:i‘:] ——— (04 02 13 = O
12(1-v ) Eh
ax
d 1 *—] 3 [ 9 ] 1 x 2
- | o + W )| 4 -
agi [ 2 F(T+v) 12 20 (G L) 12 =
1 " aai V2L2
- — (,) = -, —= =0
ey L 2 1°
where
g% _g_l. EY =.§3
1 L 2 L

X T Xl Xp = %L, *12 = %ol
and L a characteristic length.
We have the following dimensionless products

2 2
x v oz Uit VoL

R T

In order to insure similitude we must keep the numerical values of the

above dimensionless products. This can oni - be achieved if the model is

strictly similar te the prototype.
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A 1/6 scale factor was selected as a conpromise between a manageable

model size, which could be handled without z too large and expensive setup.
and a size large enough to reproduce the basic features of the prototype.

The details of the model arc shown in Figures 34 to L1.

To facilitate the manufacture of the mecdel, some :hanges wefe made,
which do not have influence in the stress distribution. The long:tudinal
stiffeners in the cylindrical part of the model were redesigned so that the
ratio of the bending rigidity to the transversal rigidity was preserved.

The inter-tank was replaced by a uniform thickness cylirder of the equivalent
bending rigidity. This cylinder-was long enough to reproduce the effect of
the inter-tank on the prototype.

Special joining clamps were designed to fulfill the role of the clamps

that were used in the prototype to connect the skirt and the inter-tank.

3. Scale Factors of the Loads to Be Applied to the Model

According to the lcading scheme  shown in Figure 42, we have both
internal and liquid pressure. According to DWG 06-A-2-503 at station 312
Acceleration Head 29.5 psi

Max Total Pressure 5.8 psi
A = 25,3 psi

At station 772
Acceleration Head 37.4 psi

Max Total Pressure 62.7 psi
A = 25.3 psi

We can compute the density corresponding to the liquid from the

above data

- A - 6207 - 5&.8 - 1bS
Ym0
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where Op is the aifference of pressures between the two sbove-menticned
stations and Lx their mutual distance,
The pressure can be then expressed
pix) = P, * vix - xo) {35
In what follows, upper case letters refer to prototype dimensions, lcwer case
letters to the model dimensions. Unstarred quantities refer to the protctye,
starred to the model loading.
The conditicns of similitude imposz the relation
pixi = p (x) (36)

This means that

b, =P £37)
o ‘o

and
y - (38}

Now if we consider the axial load which is uniformly distributed

in the periphery of the cylinder

’il 'ﬁ‘
=k

= (39)
1 2

where Kl is the scale of lengths.

Since we did not have at our disposal coloidal mudd to satisfy
condition (38), a pressure equal to the average pressure in the stations 912
and 772 was applied. In the case of rebound this gives
p = 58.7 psi (L0)
The ratio of the internai load to the axial load in the prototype

is then

@ = g = 3.8 (Li)
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For the model the above ratic must be reauced by the fact.r A;

TR

o ==

-t "}:.g 2.39 E

-t

Since the load was applied in steps, the above ratio was kept constant

to fulfill the similitude condition.

4. Prelininary Tests

The cylindrical part of the tank is not perfectly rourd. The presence
of this out-of-roundness modifies the assumption of radial symmetry that has
been utilized in the theoretical analysis. The lack of symmetry is respcnsible
for the introduction of large bending moments, as it has been observead by
Durelli, Dally and Morse [2].

The presence of the out-of-roundness was a perturbatiug factor in this
case, since we were looking for a confirmation for the thecretical amalysis
Consequently, preliminary tests were conducted to find a representative section

Measuréments of the variation of the diameter were taken at a 21 1/29
interval around the circumference with no load applied. The basic setup for the
test is shown in Figure L43. Three vertical positions were investigated.

On_the basis of these data listed in Table II, two meridians were chesen i
sections of the tank periphery which most nearly conformed to a circular arc

over a reasonable angle and were remote from any weld seam.

The following table gives the out-of-roundness data:
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5. Structural Testing of the Model Tank

The objectives cf the test were

(a) To determine outside and inside strains in *ne selected sechions
{b) Outside displacements using difZerential trancformers,

(c) Outside ceformations in the vicinity of welds,

(d) OCbservation cf the behavior of the previcusly detected imperfec-
tions,

With the obtained information it would be possible

{a) To obtain information in the representative sections te cempare
with the thesreticai analysis.

(b) To determine defiections and to corretate :a} and (b},
to find out the possible influence of second order effec:s

(¢) In the vicinity of weld-seams to find the influence iniroduced
by the presence of the seam in the state of stresses.

(d) To determine the influence of out-of-roundness on maximum stresses,
and tc correlate the maximum deviations from the theoretical shape.

Of the above program only parts (a) and {b) were carried out. Lack
of funds interrupted the tests in the two initial stages.

The following steps were followed to fulfill the abcve-mentioned
objectives,

1. The specific points to be investigated were precisely lccated.

2. The type cf strain gage most suitable for this test was selezvred,

3. Techniques for applying and protecting the strain gages were stadieda,

L. A method for providing internal pressure and axial load was devisea.

6. Selection of the Strain Gage

Electrical strain gages were chosen for use in this stress analysis
problem, since a display of the entire strain field was unnecessary, the prin-

cipal stress direction was known, and a high degree of sensitivity was required.
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TABLE 1%

OF [dE STRAIN GAGES

3HOWN TN FIGURE 45

e Fﬁlstance - X - mches
“ﬁz“‘wLué“e‘cLon AN Section "B"
T ER TS 11,12
2 11,73 11.78
3 12,55 12.37
4 13,08 12.98
> 1415 13.38
5 14,61 14.L8
7 15,11 1c.01
3 15.68 15.51
7 16.35 16.01
12 16.83 16,53
i1 17.43 17.03
12 - 18.48 17.48
i3 19,06 .+ 18.65
il 13,50 19.11
15 20,08 19.58°
i 20.5L 20.28
17 20.97 20.93
18 21.56 ) 21,38

8. Applicatisn and Protection of the Strain Gages

By cousideraticn of compatibility with the strain gage, stability

required, temperature rarée, and curing procedure, Baldwin-Lima-Hamilton's

EPY-lSO was selected as the bondlng cement.

This was a room temperature )

curing epoxy reqxlring llttle bonding pressure and having excellent

dielectric properties. It was recommended for static measurements to 150° F‘g




A1l paint and grease were removed from the surface in the vieinity of
the strain gage installations., No. 130 grit emery paper was used to smooth
the surface where necessary, and just prior to gage application the entire -
fegion was meticulously cleaned with acetone, A liberal amount of epoxy was
spread over the points to be studied, and care was taken to avoid forming air
pockets in the cement. The gages were then positioned and all excess cenent
was pressed out. A small teflon sheet was placed over the area and pressure
was applied by taping a foam rubber pad Lo the setup. The cement was allcwed
to cure at room temperature for several hours before removal of the pres-
sure pads.

The resistance of each strain gage was checked at this point as a
posgible indication of damage. Also, ground resistance was measured for each,
ﬁith 50 megohms being the minimum acceptable value.

A cluster of four strain:gages<q§§¢heeded to completely determine'ﬁhe; ‘
‘state of stress at each. point. The smaller gage was mounted in the meridional
direction with the larger perpendlcular to 1t, each accompanied by a tempera-
-ture compensatlng "dummy" gage as was shown in Figure hS The "dummy™" gages
were located very close to their respective "active" gages, They were sandwiched
betweerl two strips of mylar tape with a small amount of grease to insure freedom

- of movement. A

The interior strain gage installations were céhpleted before anyvattemﬂt
was made td place theAgages on the outer_surfabé. A "stugffinder" was employed
to poéition‘the gages back-to-back. This device has a magnetic pointer which
reacts fo the presence of ferrous material,- The p;ocedure used for locating
the exterioi gages was as follows: Alsmallpoint4magne£ was placed over an -
interior "éctivé'strain gage. The "stud-finder" was then swept over the general

- . -31-
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area on the outside of the tank, and the position was marked when the pointer
lscated the magnet.

Petrosene micro-crystalline wax vas usc? as the protective coating
for the gages since they were not susceptible to mechanical damag=, only to
moisture. The ares surrounding the gage installations was heated above
160°F by means of heat lamps to drive out any absorbed moisture and to aid
in obtaining a good bond between the wax and the aluminum surface. The wax
was melted and spread over the entire area so that it covered the gages and
extended up the lead wires. T'ne coating was approximately 1/8 inch thick.
Protection of the exterior strain gages was effected in the ssme mamner as

those inside,

9. Measurement of Displacements
In order to determine displacepénts, the deflections of the tank were .
measured by 1inear>variableAdifferential fransformer§.

Schaevitz linear difiereﬁ¢1a1 transformers were utilized. The approx--
: _ s ) :

imate sensitivity of thé’transfgrﬁens is 107 in. per mV. The excitationm t6<f,

the lineal transformers was provided by the Schaevitz D MP 3 Demadulator. ,: gf;

10. Method of Loading

» For the purpose of producing the stéte of loading exis%ing in the" ?f’_*‘ | gg
pretotype; a“loading framé was designed. In Figure Lé we can see a picturé'fi o
of the loading‘frams;f '

The loading frame consists of two rigid frames made out of I beams

comected in the corners by four columns and reinforced with additioral plates o

welded tq the T beams.

“1.




The ax.ai icad .as prcvided by eight hydrauiic jacks, each of ten ton
capecity, positioned avove the tank and screwed into the test stand.- They
wcre spaced equaliy around the zover piate, and the line of action of the

'-force-was directed through the middle surface of the cylindrical shell. 'The
Jacks were calibrated on a screw-driven compression tesiting machine prior to
installation and were connected in such a manner so that all transmitted the
same,force simultaneously

The lcad was districuted by means of two rows of eight inch zurved

Q

I-beam segments reziing on steel balls, each segment actinz as a simply-

-0

1 -

supported beam. Figure L7 is a photograph showing the use :f the curved
beams., -The force of eachzhvdraulic jack was divided into four equal com-
ponents by means cf the above dlver31f1ed arrangement Consequently,

o=l :32 equal loads were applied to t.he penphery of the.tank. This means  that

- a'unlfbrmly dlstrlbuted load was obtalned in the reg1on of 1nterest

S - Be31des the a71al 1oad an 1nterna1 pressure was applled Two elec-

gﬁ:fﬁ_i “trical pumps were utlllzed. One of the-pumps was corinected to the jacks.

.. - " through a system of valves to insure a uniform distribution of® the oil presf

sure to the elght Jacks._

‘a:' e The tank was- fllled with transformer 01i as-the pressurizing fluld
,ihecause‘of 1tszgood dlelectrlc;propertles, _The second pump provided the"é'
required 1nterna1 pressure., @;; »'- ,r‘ 4 - - ; -
L . -;: . The cover plate of the tank was fitted with ten 3/l inch water tight
;f - L'A connectors. In addltlon, two holes were drllled _and tapped in the cover to

)

achmmodate the necessary"valves for pressurlzatlon, One was prov1ded 4s an

: alr escape valveJdurlng the f1111ng operatlon. ~The other, as a regulator, to »

; B - control the pressure when tank capaclty had- been reached

(S

L

e e




Figures U8, ana L9 show details ¢f the strain gage installation.

Figure 50 shows the differential transformer installation.

11. Measurement and Recording instruments

A 36-channei recording system (Figure 51) nas utilized to record the
‘strain gage readings. The system features {1) a fringe balancing unit that
can be operated.by aiserto gun or manual control, (2) a relay unit capable
of switching one bank of thirty-six 1nnut signals for another, and (3) a
2h—channel reccrder ccnplete_with automatic sequencer and traze identifier.

The outout of the differential iransformed was recorded with a Brush

- recorder.

.12, Preliminary Test

Pr1or to f1111ng the tank w1th the transformer 011 ' certain p01nts

‘7were selected to study the<effect of the oil welght on the deformatlon of

the tank 1n the Y-rlng reglon. The straln gages measurlng the: tank deflectlon:;

.at these p01nts were connected to the brldge -for 1n1t1a1 balan01ng, and the - L
oll was then pwnped 1nto the tank When tank capaclty had been reached the
straln gage outputs'were,recorded. ;However, the weight of the 011 was found ’

,to produce a negligible—éffect on ;the strain gaées' readings.

13, Straln Due to Load;ng

\ A The group of selected straln«gages was removed from the recording

unit, and the flrst bank of twenty-four cables was connected to the brldge.
Initial balanclng of these gages was achleved with- the transformer 011
,Aalready in the tank The 1nterna1 pressure and the - ax1al 1load were > increased -

'to the specified values concurrently We recall that the two pressures have~4

a given nelatlonshlp which is established by design - speclflcatlons. In all’-
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'thls value 1nto the equat o“,

easiple. The s%rain

i
[27]

loading processes, this ratic was kept as constast as wa
gages were read in groups c¢f twenty-four, For each group ¢ twenty-fou r gages,

-~

readings were made at three levels of load. Maximum load appiied was 37 psi

tn

internal pressure. irce the thecretical computaticn yielded very high :t resses
at certain points of the Y-ring, no attempt was made tc apply the full locad

to avoid a possibie damage to the model.

1k. The Data

To obtain the true sirain from the strain gage readings, it was neces-

sary to introduce a calibraticn factor. The calibraticr ccnstast is a func-

tion of the strain gage resistance, the gage factor, and the value of the

calibratiné resister in the bridge balance unit. It was determined oy finaing

the change in resistince in :he active arm of the bridge prcduced by switch«_

ilng the - aalloratang res"sagr in paral1ea with the straan gage and put tlrg

—

i RE

which is the definition cf gageffactor; This gives the vaiue &- the

strain which wasjcaased by the change in resistance, AR, due to the caii-

,brating resistcr. Dividingﬁthis value of the strain by the number cT anlt

of deflectlor‘prodnced on the recorder, che callbratlon faster-is obtalned

..The true straln m&y now-be  fsund from the atraln gage readlngs by mult;ply-

1ng by thls calabratlon consta:t

The stresses-we;e calculated by tha following relations:

. .7 T P - E . . . ‘7
Merldlonal/stress:“ g, = ;t;§ (ex:f Yee) | ‘{FB) ]
. __E |
Circumferential stress: g = == (e + Ve ) , s (4l
. 1_\) s




The resaltant vaiues ol the stresses corresponding *to the applied
loads are listedrin Tables 217 and IV. The stresses in the elliptical head
are given in Tabie 1V. The displacements are given in Table V It can be
seer from these tablies tnat the stresses are -:inear functicas of the applied
load: The correlation betweer the previoisly derived thecretical stresses
and those obtained by experiment is showa in Figure 52 for the interior ]
p01nts._ Figure 53 contains similar curves for the exterior. Figure 5
contalns the stress distribution iIn the elliptical head.

Fig'are 5% shows the plot ioad versus strain gage readrigs; for three
given gages. The linearity is very gocd. figure 56 shows the defiections

of ‘the Y-ring under maximum load. Figure S7 shows the deflections of the

. elliptical head which have been plotted.

1s5. Conc1u31ons
| The good correlatlon between the +heoref1ca1 ana experimental values
indlcates that al_ the assumptlons made on the theoretical analysis proved to
be correct w1th1r the range of precision of the experimental results, In'the_! .
" region of the'knuckle, the exper1mehtal results show larger strains in the o

interior face than thcse»obtalned by computation. At the same time the
—

~stresses/1n/tﬁ/‘outer faee are smaller. This means larger bending stresses

P

than those obtalned by the theoretlcal analysrs° ﬂowever, in the knuekle,'

s the exper1mental results cannot be- weighed too haavily. The reason for this

is that the reglon is teco small, and conseqnently, it was only pos31b1e to .

investlgate two p01nts on the outer and ‘inner faces. - - . )
- Another very 51gn1ficant point has been proved also, the pos51b111ty

of an qpcgrate analy51s‘by means of reduced scale mpdels. At first glance,

" a one-to-one reiatiopship se@mS'ideal, because it is possible to reproduce

L\
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TABLE Vi

DEFLECTION 1¢07° INCHES

g2 Dtk ke al kI D e

10 psi 20 psi. ! 30 psi
X 2139 1b/in 478 1b/in | 717 1b/in
9.5 23,3 37.8 51.1
10.5 23,3 L0.0 55.7
11.5 15.6 32.2 L7.8
12.5 6.7 38,4 50.0
13.5 7.8 1) s
1L.5 5.6 13.3 .4
15:5 ?lau 13.3 15,6
6.5 B e e 33
33.9 2.2 - 6.7 10.0 :
0.0 5.6 B 17.8
W61 5.7 . .- .L 23,3 3
52,2 B9 A 18.9 30,0
6l - B9 20.0 i
70.5 KK 156 23.3
76,6 X 1h.4 18,9
82.7" 53 6 |

Outward deflection assumed positive,

o)
o

e R et v



in the model all the characsteristics cf the prctotype, such as shape, types ci
connections between the different parts, initial stresses due to welding or
forming.

Agairst these very converient feavures; the radiciion in scale intro-
duces an appreciable economy -n time and cost of the study. besices these
two factors, cbservaticns can be more precisély made in a reduced scale model,
and the forces can %= reprcduced with higher accuracy. Another facter is

the possibility ol repeating the test and changing snhapes sn account of the

b

<

th

experience gained through previous mcdels. This poszitility Zs highly

restricted if the cvre-to-cne scate is selected. {onsequently, the more

reduced the scale, the cheaper ard quicker the analysis, and more models can -
be analyzed. Of course, if we reduce the scale it beccmes more difficuit to

reproduce the details of the prototype.

In the problem described in this report the selected scale and the

changes introduced in the mcdei'to simulate the prototype preved to bé suc-

" “ jnd

cessful. The moael vielded results that, within a satisfactory degree of

accuracy, éonfirméd‘the‘mathemat;;al model selected to represent the actual

structure.

We consider this result extremely valuable in the light of the present

tendency to design larger boosters than the ones used at present. A well-

s

organized program on reduced scale models coula lead to substantial savings -

in the cost of research and development of these structures. .

®
i
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Figure 2!. Radical Displacements
(System I, Piece N2 3)
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Figure 22, Radical Displacements
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FIGURE 30. STRESS CONCENTRATION FACTOR FOR M = 29.70
1b/in, P = O.
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FIGURE 32.
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FIGURE 33, STRESS CONCENTRATION FACTOR M = 22 1b/in,
P = 13.4,
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Figure 34. Location Of The Point Of Moximum Stress
In The Intersection Of Knuckle, Skirt And Cylinder
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Pressurizing Valves

Reference
Line

Dial
Indicators

(a)

The Reference Line Indicates the Position of
Reading |; Successive Readings Were Made ot
22 1/2° Intervals Counter-Clockwise from the

Reference Line. Iy

nnnnnn
Y +

Refereni_/‘

Line

Weld Seam
Ly = 8.70 Inches (b) (c)
Ln a |2.51 Inches
Lm = |I5.16 Inches

Figure 43. Out-of-Roundness Test:
(a) Basic Set-Up;
(b) Side View of Tank:
(c) Partial Top View of Tank
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Weld Seam Section "B"

Section"”

Idealized
Model Line

®© — Indicator Reading I
0 — Indicator Reading II
A — Indicator Reading IIT

Figure 44. Tank Out-of-Roundness Curves
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Direction
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Figure 45. Dimensioned Sectional View of Y—Ring
Showin3g Strain Gage Spacing
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FIGURE 48. STRAIN GAGES APPUIED TO THE BULKXHEAD.
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LOADS LEGEND

|- 10psi., 239 Ib./in. O- X=13.48 inches
2-20 psi, 478 |b./in. 0-X=17.03 "
3-30psi, 717 Ib./in. OH—- X= 339 "

Loads

Loads

MERIDIONAL STRESS - C

3
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Figure 55 Line.r Check of Stresses
(Interior Points Only)
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